Abstract-Measurements of the effects of annealing on symmetric Co/Cu spin valves and similar structures show increased coercivity, increased ferromagnetic resonance linewidth and reduced moment. Low angle x-ray reflectivity measurements indicate that there is some oxidation throughout the thickness of the metal films during annealing. The layer structure, as determined from low-angle x-ray reflectivity and magnetoresistance values is only weakly affected by annealing at 250 C. We conclude from these results that the Cu/Co interfaces are not strongly affected, and we suspect that the thermally induced changes in these samples include partial oxidation which occurs mainly in the grain boundaries, which lie perpendicular to the film plane.
I. INTRODUCTION
An important consideration in the development of devices using spin valve multilayer materials is the thermal stability of the spin valve structure [1] - [4] . Recent experiments on NiO biased symmetric Cu/Co spin valves have shown that while spin valves of this type can be made to exhibit good thermal stability with respect to the giant magneto-resistance (GMR) ratio, the coercivity, H c , of the "free" film nearly doubles in the first half hour of annealing at 250 C [1] . Low coercivity of the free film is a very desirable property for high sensitivity in spin valve devices such as read heads for high density magnetic recording. In this paper, we report results of two investigations into the origin of the anneal-induced increase in the coercivity of symmetric spin valves observed in [1] .
II. EXPERIMENTAL RESULTS
Two types of samples were used in the experiments: a symmetric, NiO-pinned spin valve with the structure NiO/Co/Cu/Co/Cu/Co/NiO [5] - [7] , and a "pseudo-valve" film with the structure NiO/Cu/Co/Cu/NiO. Layer thicknesses are given in Table I . The pseudo-valve was designed to isolate the magnetic properties to the center Co film of the full spin valve by replacing the top and bottom Co films of the full spin valve with Cu. The samples were deposited by dc magnetron sputtering in 2 mTorr of Ar at a rate of 0.1 nm/s. The top NiO layer was deposited by sputtering a Ni target with an 85/15 mixture of Contribution of the U. S. Government. Not subject to copyright. R. D. McMichael, e-mail rmcmichael@nist.gov Ar/O 2 . Transmission electron microscopy has shown that under these conditions, the film growth is columnar with continuous epitaxy from the bottom NiO layer through the metallic layers to the top NiO layer. The columnar grains are typically 10 to 25 nm in diameter [8] . Separate pieces of the pseudo-valve film were annealed for 30 min under vacuum in the 10 ?6 Torr range at annealing temperatures, T ann , ranging from 100 to 400 C. The full spin valve sample was annealed sequentially for 20 min and then 20 hrs at 250 C.
A. Measurements on pseudo-valves
Hysteresis loops for a few of the annealed pseudo-valve samples are shown in fig. 1 with coercivity as a function of T ann shown in the inset. The maximum applied field was 100mT. The coercivity shows a slight increase even for T ann as low as 100 C, a maximum around 250 C followed by less elevated coercivities at higher temperatures. The hysteresis loops show reduced squareness and a significant loss of magnetic moment in the films for the high values of T ann. Because Cu and Co are immiscible in the bulk, the reduction in moment indic- ates that oxidation may be playing a significant role in the increased coercivity of the center Co film. Ferromagnetic resonance (FMR) fields are sensitive to the moment density and morphology of the films. For negligible in-plane anisotropy, the resonance fields for a thin film are given by
for field applied normal to the film, and
for field applied in the plane of the sample. The spectrometer frequency, !=2 , was 9.67 GHz, and is 1:76 10 11 T ?1 s ?1 .
H u is an anisotropy field with easy axis directed normal to the film. Anisotropy fields of this type have been shown to arise from film stress and interfacial anisotropy.
FMR linewidth is sensitive to the morphology of the film. Non-magnetic inclusions or other non-uniformities in the film provide a damping mechanism for the energy of the uniform resonance mode of the magnetization to be lost to the thermal bath of spin waves and phonons [9] . In general, the more nonuniform the film, the greater the linewidth. The magnetometry and FMR data are consistent with a nonuniform oxidation process, such as partial oxidation in grain boundaries or in grain boundary junctions, which would effectively reduce the moment density (and therefore the FMR demagnetization field, M ) by including non magnetic regions in the body of the film. Grain boundary oxidation would also be expected to increase the resonance linewidth by providing scattering centers, and would decrease the hysteresis loop squareness by reducing the exchange coupling between the grains.
B. Low angle x-ray reflectivity
X-ray reflectivity measurements are done at low incidence angles above the critical angle for total external reflection from the medium. By fitting the reflectivity data, one obtains a profile of the scattering length density, N b, and x-ray absorption, , (i.e. the imaginary part of the scattering length density), as a function of depth in the sample. One can then interpret this scattering length density profile as a composition profile. Fitting proceeds from an assumed profile, and iteratively minimizes the deviation between the measured reflectivity and the model reflectivity curve. The computer program utilizing the algorithm which is used in this paper is described elsewhere [10] .
Low angle x-ray reflectivity measurements on a full spin valve were made in the as-deposited state and after anneals of 20 min and 20 hr. The x-ray data were fit to a structural model of the spin-valve which included 11 layers, each with characteristic values of thickness, roughness, x-ray scattering length density, N b, and x-ray absorption, . The 11 layers represent the 7 layers of the sample, the Si substrate, a thin layer of SiO 2 on the substrate surface, a layer is for adsorbed water and hydrocarbons on the sample surface, and a separate layer at the interface between the top Co layer and the top NiO layer. This last layer was needed in order to obtain a good fit to the reflectivity data. It is physically reasonable that such a layer should exist, since oxygen is let into the deposition chamber before deposition of the top NiO layer begins. In order to reduce the number of fitting parameters, the values of a given layer were initially related to the scattering length density since they are both determined by the composition. Minimization of 2 consistently led to one of two very similar models in which the metallic layer structure was preserved after annealing. Fitting results are presented in fig. 4a ) for the as-deposited film and after a 20 minute anneal. Following the 20 minute anneal, the 20 hour anneal changed the fitting results only slightly.
The depth profiles of N b and generated from the fit parameters are displayed in fig. 4b ). The upper set of curves are the profiles for N b, and the lower set of curves are the profiles for as a function of depth into the surface of the sample. Bulk values of N b and for Co, Cu and a number of related oxides are plotted for reference.
Because the contrast between the values of N b for bulk Co and Cu is so small, we look primarily at the contrast in the absorption, , to reveal the nature of the structural changes with annealing. Some diffusion or mixing is evident in the Co and Cu layers in the profile for the absorption even in the asdeposited film. The presence of Co in the nominal Cu layers is indicated by the fact that the value in the center of these layers is larger than the bulk value for Cu. The most striking effect of annealing on the profiles is the reduction in the top Co layer toward the oxide value, indicating severe oxidation. This result is consistent with previous studies of thermal stability of spin valves where increasing the thickness of Co layers which are in contact with NiO was shown to enhance the thermal stability of the GMR values [1] . A more subtle, but equally important effect of annealing is the reduction of N b throughout the thickness of the metallic layers, implying oxidation which penetrates the sample. It is important to note that the layered structure of the film, as evidenced by the profile is nearly unaffected by annealing. The depth profiles do not show a large increase in the intermixing of the layers during annealing.
It is of interest to note that the N b value for the top NiO layer is less than the N b value of the bottom NiO layer. The low N b value of the top NiO layer and the severe oxidation of the top Co layer are consistent with a surplus of oxygen in the top NiO layer. Subsequent studies of the coercivity of NiO films on Co layers have shown dramatic increases in the coercivity of the adjacent Co when the NiO film is deposited with reduced oxygen partial pressure [11] .
III. DISCUSSION
The magnetometry and x-ray data contain strong evidence for oxidation of the films during annealing. However, the good thermal stability of the GMR and of the coupling between the center Co film and the outer Co films [1] , along with the stability of the layer structure shown by the x-ray reflectivity data, indicate that the condition of the Co/Cu interfaces is not strongly affected by annealing at 250 C. Consistent with the decreases in H ? and increases in FMR linewidth and consistent with reduction in N b (x-rays), we suspect that the origin of the increased coercivity of the center Co film following annealing at 250 C is partial oxidation in the grain boundaries which pass through the thickness of the films. 
